Estimates of NH4+-and NO.--oxidizers in samples from four activated sludge plants treating mainly domestic sewage were obtained using a most-probablenumber (MPN) technique. Ranges of concentrations per milliliter of each, respectively, were 1,010 to 3,880 and 79 to 145 in settled sewages, 32 to 7,420 and 2 to 1,010 in secondary effluents, and <0.1 to 622 and 0.1 to 70 in chlorinated secondary effluents. The results of this field study indicated that nitrifiers were more resistant to chlorination than fecal streptococci, which were also enumerated. In laboratory studies the survivals of these bacterial groups in secondary effluents were determined after exposure to chlorine residuals of up to 2 mg/liter for 0 to 60 min. The nitrifiers proved considerably more resistant than fecal streptococci, with NO.--oxidizers showing greater resistance than NH4+-oxidizers. Below the outfall of one of the plants that discharges heavily chlorinated 
Sewage (municipal wastewater) contains substantial amounts of ammonium, little of which is nitrified during conventional biological treatment. Nitrification of the effluent ammonium in the receiving water, depending on where and with what intensity it occurs, can consume environmentally significant amounts of dissolved oxygen (5, 6, 18, 19, 26) . This pollutional aspect of nitrification, which in the past has been masked by carbonaceous pollution, is becoming increasingly evident as more sewages are treated by conventional means.
The oxidations of carbonaceous and nitrogenous components of sewage are carried out by different groups of organisms, often resulting in different reaction kinetics in receiving waters for these two oxygen-consuming processes. Whereas carbonaceous wastes are attacked by a broad range of relatively fast-growing heterotrophic organisms, ammonium oxidation (insofar as concerns deoxygenation) is dependent solely on the slow-growing autotrophic nitrifying bacteria. Thus, whereas even a small number of heterotrophs can respond quickly to the organic matter discharged, the nitrifying population may not reach effective densities in the ' Paper of the Journal Series, New Jersey Agricultural Experiment Station, Cook College, Rutgers-The State University of New Jersey, New Brunswick, N.J. 08903. water column until further downstream. Inoculation of the receiving water with nitrifying bacteria in the effluent could, therefore, influence the oxygen status by inducing nitrification (and hence the zone of oxygen deficit) closer to the outfall. This effect is predicted by a hypothetical calculation (22) and laboratory observation (6a) .
In the United States, municipal treatment plant effluents are commonly chlorinated for disinfection. Judging from a report in the mid 1930's by Feben (8) Sampling. Grab samples (4 to 20 liter) of settled sewage (primary effluent), secondary effluent (following the biological phase of treatment and secondary settling), and chlorinated secondary effluent were consistently collected between 10:00 a.m. and noon, usually on a Tuesday, Wednesday, or Thursday, to minimize strength variations. To facilitate comparisons, the postchlorinated effluent was sampled later than the prechlorinated effluent by a period of time equal to the estimated retention time in the chlorine contact basin. This provided samples from comparable portions of the flow. It was not feasible to coordinate withdrawals of settled sewage with effluent withdrawals however, and the additional comparisons between settled sewage and effluent samples are less exact.
Chlorinated samples were promptly dechlorinated with 1 ml of 10% Na2SO3 per liter of sample.
Transportation to the laboratory took 0.5 to 1 h.
Bacteriological determinations. Sample portions (250 ml) were blended in the cold with a Sorvall Omnimixer for 1 min at maximum speed (approximately 15,000 rpm). Autotrophic nitrifying bacteria were enumerated by a most-probable-number (MPN) procedure using 10-fold dilutions with 10 tubes per dilution (17) . Where required for sensitivity, inoculations included a 10-ml sample portion. The tubes were scored after a 40-day incubation. Exceptions are noted in the Results section. Fecal streptococci were enumerated by the membrane filter technique using four replicate KF streptococcus agar plates per dilution (1) . Inoculations were completed on the day of sampling.
Chemical determinations. Chlorine residuals were determined with o-tolidine (1) after a 5-min reaction time, using a Taylor-Enslow slide chlorimeter for color comparisons. Where necessary this was done in the field.
Subsamples for NH4+, NO2-, and NO3-determinations were preserved by addition of 40 mg of HgCl2 per liter and storage at 4 C (13). Prior to analysis the samples were passed through membrane filters (HA, Millipore Corp., Bedford, Mass.). Ammonium was determined by steam distillation into boric acid mixed indicator solution and titration with standard biiodate (16) . The method of Strickland and Parsons (23) was used for NO2-. For NO3-the method of Kahn and Brezenski (14) was modified, as suggested by Holty and Potworowski (12) , by the use of additional brucine reagent.
Laboratory trials. For the preparation of hypochlorous acid solutions, commercial laundering bleach (5.25% NaOCl) was diluted with distilled water to approximately 1 mg of chlorine per ml, then standardized by the iodometric procedure (1). Hypochlorous acid solution and secondary effluent (not previously chlorinated) were combined to achieve the desired chlorine residual, as determined using otolidine.
Statistical analysis. To determine whether observed differences among MPNs from the different treatment plants were significant, two single classification analysis of variance applications were employed. For the first, the calculation was performed on the logs of the 10-tube MPNs using for the comparison ("error" term) the inherent variability of a 10-tube per 10-fold-dilution MPN series (4). The second method consisted of dividing each 10-tube series into two five-tube MPNs and using the resulting replicate term for comparison. This was possible because the tubes were ordered at the time of inoculation. Log MPNs were again used as they better satisfy the assumptions of analysis of variance.
RESULTS
Blending study. The possibility was explored that nitrifying bacteria occurred as aggregates in settled sewage or secondary effluent, thereby causing an underestimation of their numbers. For this purpose two samples were blended, and subsamples were withdrawn at seven intervals ranging from 0 to 10 min. Plotting the MPNs revealed no trend as a result of blending, nor did analysis of variance indicate any significant effect. Details are recorded elsewhere (P. F. Strom, M.S. thesis, Rutgers Univ., New Brunswick, 1975 Many nitrifiers survived a 2 mg/liter residual at the plant that was bulking, where the particulate matter may have afforded a degree of protection. The lowest chlorine residual encountered was 0.6 mg/liter, and this was at the plant with the longest contact time (45 to 60 min). A substantial portion of the nitrifying bacteria survived this treatment.
Based upon the percentage of reductions in MPNs, NO.,--oxidizers were more resistant to chlorination than NH4+-oxidizers in three of four cases. The other comparisons are: NH4+-oxidizers > fecal streptococci, 2/3; NO.,--oxidizers > fecal streptococci, 3/3.
Laboratory chlorination. The comparative abilities of nitrifying bacteria and fecal streptococci to withstand chlorination was examined further using secondary effluent taken from Bv on 11/11/72 and 1/18/73. To illustrate the effect of chlorination the results are presented as percentages of the time-zero values ( Fig. 1 and 2) . The NO.,--oxidizers were more resistant than NH4+-oxidizers, and both nitrifying groups were considerably more resistant than the fecal streptococcus group. Thus the comparative abilities to survive chlorination suggested by the observations at treatment plants were verified in the laboratory trials.
Prolongation of the fecal streptococcus incubation for 2 crease of up to threefold in the count for chlorinated samples but effected no appreciable change for unchlorinated samples. Substitution, however, of the resulting higher percentage of survival values does not alter the conclusions reached above ( Fig. 1 and 2 ). Periodic scoring of the MPN tubes for up to a 74-day incubation did not reveal any tendency for the unchlorinated nitrifiers to develop faster than those exposed to the disinfectant.
Observations at a receiving stream. The Bv effluent is routinely heavily chlorinated, such that despite a minimum dilution with approximately 2 volumes of receiving water during low streamflow periods there is a chlorine odor in the vicinity of the mixing zone. The chlorine residual does not appear to prevent a response to the NH4+ in the effluent, as judged by the greater number of NH4+-oxidizers on streambed rock surfaces below the outfall compared to above it (Table 2) . Nitrite-oxidizers, in contrast, were about equally abundant above and below the point of discharge. Unlike NH4+, there is little NO2-in the effluent. Further downstream, where its energy source starts to appear as a product of the first step of nitrification, the rocks are increasingly heavily colonized by NO.,--oxidizers (10) . DISCUSSION Similar numbers of NH4+-oxidizers were detected in the four sewage samples examined from three treatment plants. This was true of the NO--oxidizing group as well. The NH4+-oxidizer values fall within the range calculated by Downing et al. (7) for both groups (1,000 to 10,000 per ml of sewage) on the basis of nitrogen transformation kinetics in early stages of the development of activated sludge cultures. The NO.,--oxidizer values are less than the calculated range. It should be noted that this group is subject to underestimation by the MPN procedure (17) .
Examinations of unchlorinated secondary effluents yielded a wider range of MPNs. The range of values was similar to that reported for polluted surface waters (6, 11, 17) . The MPNs in the nitrified effluents were higher than in the unnitrified effluent from the treatment plant where secondary settling was normal. Even at Mb, however, which routinely discharges an almost completed nitrified effluent, the number of cells detected can account for little of the NH4+ transformed during the biological phase of treatment. Assuming a transformation rate of 0.53 x 10-10 mg of NH4+-N per cell per h, which can be derived from the data of Skinner and Walker (21) , and 5,000 cells per ml of effluent, these could transform approximately 5 x 10-3 mg of NH4+-N/liter inobserved, as judged by the concentration of oxidized nitrogen in the secondary effluent. The inability to account for the amount of substrate transformed indicates that most of the responsible organisms were associated with the activated sludge flocs, which are separated from the effluent during secondary settling. An alternate explanation is that the MPN procedure grossly underestimates the nitrifying population.
Among the field results, the widest MPN range came from the chlorinated effluents, probably reflecting the variability of disinfection practices at the treatment plants sampled. (New Jersey State policy specifies a chlorine residual at municipal plants of 1.0 to 1.5 mg/ liter after a 30-min contact time.) As judged from field and laboratory findings, the nitrifying bacteria in effluents were considerably more resistant to chlorination than fecal streptococci. This supports the conclusion of an early study, based on inoculated test cells rather than on indigenous populations, in which NH4+-oxidizers resisted chlorination better than E. coli (8) . The use of fecal streptococci for comparative purposes in the present investigation was influenced by reports that this group is more resistant to chlorination than coliforms (15, 20) . After moderate chlorination effluents can still discharge appreciable numbers of viable nitrifying bacteria.
Reactions involving inorganic nitrogen compounds figure prominently among those ocurring when sewage effluent is chlorinated (28). Hypochlorite-chlorine is reduced nonbiologically through the oxidation of NO.,-to NO3-and also combines with NH,+ to form chloramines. Such reactions affect the disinfection process importantly, as measured by the survival of heterotrophic bacteria. They may be of added significance to autotrophic nitrifiers in view of their special relationships to NH4+ and NO.,-.
Regardless of the disinfection practiced, the introduction of nitrifying bacteria with the Bv effluent into Mine Brook has little influence on the course of nitrification downstream. At summer temperatures most of the ammonium discharged to this shallow rocky-bottomed brook is nitrified with 6 h of travel (V. A. Matulewich and M. S. Finstein, Abstr. Annu. Meet. Am. Soc. Microbiol. 1975, N30, p. 189). Since the minimum generation time of nitrifying bacteria is about 8 h (7), growth in the overlying water cannot account for the observed nitrification. This consideration and examinations of the stream bed point to attached growths as the site of nitrification. Similar conditions exist in the Clinton River in Michigan (22, 26) and may be inferred from Courchaine's data for the Grand River in Michigan (5) . Whether the Bv effluent inoculates the Mine Brook with nitrifying bacteria or fails to do so because these are killed by chlorination is of little environmental consequence.
In receiving waters of larger volume and less fixed surface, however, where the activity of suspended bacteria is more likely to be important, the discharge of viable nitrifiers may be of consequence. Stratton and McCarty's (22) hypothetical example of the importance of inoculum size pertains to such circumstances, although their use of the small and shallow Clinton River as the example was inappropriate, as pointed out by Blain (3) . Growth in the water phase of the Clinton, and hence inoculation, can have little influence on the course of nitrification in this river.
Torpey's (24) analysis of historical data deals with a large water body: the Thames estuary. He suggested that expanded conventional treatment in London had an effect on nitrification in the Thames through increased inoculation of nitrifiers and the withholding of carbonaceous pollutants. This was thought to have caused an upstream movement of the zone of nitrification, with the consequence that the anticipated improvement in dissolved oxygen content was not fully realized. Similarly, a hypothetical estuarine model recognizes a stimulatory effect of conventional treatment on nitrification in the receiving water (2) . The salinity of estuaries does not preclude the possible importance of effluent inoculum, since nitrifying bacteria of freshwater origin can be active in saline water (9) .
The results of the present study indicate that heavy chlorination would be needed to eliminate nitrifying bacteria from effluents and that the effectiveness of disinfection in this regard cannot easily be judged by the response of fecal streptococci. These considerations aside, it would be a crude water quality management device to chlorinate effluents for the purpose of delaying nitrification in the environment, even if this were found to be feasible. Where nitrification consumes significant amounts of dissolved oxygen in the receiving water the problem should be remedied by designing or redesigning the treatment facilities to include nitrification (25) . 
